Introduction {#s0001}
============

A recombinant yellow fever-17D--dengue virus, live, attenuated, tetravalent dengue vaccine (CYD-TDV) has recently been approved in several endemic countries for the prevention of dengue in those aged ≥ 9 y. The World Health Organization (WHO) has also recommended the introduction of CYD-TDV in regions with high dengue endemicity.[@cit0001] These decisions were based on efficacy, safety and immunogenicity data from 2 pivotal phase III studies involving ≥ 31,000 children and adolescents in Asia and Latin America,[@cit0002] 14 other supportive studies as well as modeling analyses which suggested that the benefit-risk profile of the vaccine may depend on the endemicity level of the region considered.[@cit0004] The approved CYD-TDV schedule, 3 doses administered 6 months apart, was shown in the 2 pivotal phase III studies to have pooled efficacy rates of 60.3% against virologically-confirmed dengue for all participants and 72.7% against hospitalizations during the first 25 months.[@cit0006] However, vaccine efficacy differed by serotype, was higher in individuals with pre-existing dengue immunity (seropositive), and appeared to increase directly with age in the Asian phase III study. Whether age simply reflects accumulated exposure to dengue or to other factors related to host physiology such as maturity of the immune system and/or microvascular are unknown.[@cit0007]

The CYD-TDV immunogenicity profile has been documented in reports from regions with varying epidemiological settings, age groups and baseline dengue status.[@cit0002] Here we present an unprecedented integrated summary of dengue neutralizing antibody geometric mean titers (GMTs) as measured at centralized laboratories using the same standardized 50% plaque reduction neutralization test (PRNT~50~) after 3 CYD-TDV doses in infants, toddlers, children, adolescents and adults aged up to 60 y from studies undertaken in endemic or non-endemic areas. These results further elucidate vaccine-induced dengue neutralizing antibody responses and persistence, and complement critical analyses identifying factors that may influence vaccine protection. We also describe the neutralizing antibody response in participants aged \<9 y and those living in non-endemic regions, populations which are not indicated in the approved CYD-TDV label.

Results {#s0002}
=======

Studies and participants {#s0002-0001}
------------------------

A total of 5,780 participants aged ≥ 9 months received at least one dose of CYD-TDV and 5,499 (95.1%) received the third CYD-TDV dose. The numbers of participants in studies undertaken in Asia Pacific (including Australia) and Latin America were 3,233 (55.9%) and 2,329 (40.3%), respectively, and there were 218 (3.8%) in the 2 US studies (CYD12 and CYD51). Participants included in the immunogenicity subset for CYD14, CYD15, CYD23 and CYD28 had similar baseline demographic data to the overall study population. The majority of participants were from endemic regions (4,400; 76.1%) and most were children 6 to 11 y (1,833; 31.7%) and adolescents 12 to 17 y (1,510; 26.1%). Overall, there were 3,104 (53.7%) participants aged 9--45 y (2,810 \[48.6%\] aged 9 to 17 years) and 241 \[4.2%\] aged 46--60 y included in this integrated analysis. Studies undertaken in non-endemic regions recruited only adult participants.

Dengue and Japanese encephalitis (JE)/Yellow fever (YF) seropositivity rates at baseline in CYD-TDV recipients are summarized in [Table 1](#t0001){ref-type="table"}. In studies undertaken in dengue non-endemic regions, the proportion of participants who were dengue seropositive at baseline ranged from 6.6% (43/653; CYD17) to 16.8% (17/101; CYD12). The most common dengue serotypes detected were serotypes 3 and 4. Some participants in CYD51 had previously been vaccinated against YF and as such, the proportion of flavivirus seropositive participants corresponded mainly to those who were YF seropositive (66.7%; 78/117). Table 1.Studies included in the analysis.Study, study registration and referenceLocationStudy designPopulationGroups (randomize, n)[^\#^](#t1fn0001){ref-type="fn"}Dengue seropositive at baseline in the CYD-TDV group[^∞^](#t1fn0002){ref-type="fn"}JE/YF seropositive at baseline in the CYD-TDV group[^∞^](#t1fn0002){ref-type="fn"}**Non-endemic countries**CYD12, NCT00617344^8^USAPhase II; randomized, double-blind, controlled; up to 18 months follow-upAdults aged 18--45 y--CYD-TDV (5555; ≈5log10 TCID50 serotypes 1--4); n = 10417/101 (16.8%)Not tested    --CYD-TDV (5553; ≈5log10 TCID50 serotypes 1--3 and ≈3log10 TCID50 serotype 4); n = 103      --CYD-TDV (4444; ≈4log10 TCID50 serotypes 1--4); n = 53  CYD51, NCT01488890^9^USAPhase II; randomized open-label; up to 18 months durationAdults aged 18 to 45 y--CYD-TDV; n = 1209/117 (7.7%)78/117 (66.7%) (YF)[^◊^](#t1fn0003){ref-type="fn"}--CYD-TDV (compressed)[^§^](#t1fn0004){ref-type="fn"}; n = 120  --CYD-TDV (compressed)[^§^](#t1fn0004){ref-type="fn"}plus YF; n = 120  --YF; n = 30  CYD17, NCT01134263^10^AustraliaPhase III; randomized, blinded, controlled; up to 18 months follow-upAdults aged 18--60 y--CYD-TDV (3 phase III lots); n = 49043/653 (6.6%)Not tested--CYD-TDV (1 phase II lot); n = 168  --Placebo; n = 57  **Endemic Asia-Pacific countries**CYD08, NCT01064141^11^The PhilippinesPhase II; modified double-blind stage for the first vaccination and open-label thereafter; up to 18 months follow-upToddlers aged 12--15 months--CYD-TDV\*; n = 6078/177 (44.1%)14/178 (7.9%)(JE)--Control vaccines\*; n = 30  --CYD-TDV plus MMR; n = 60  --CYD-TDV plus placebo\*; n = 60  CYD22, NCT00875524^12^VietnamPhase II; randomized, observer-blind, controlled; up to 18 months follow-upChildren and adults (age range: 2--45 y)--CYD-TDV; n = 12085/120 (70.8%)44/119 (37.0%) (JE)--Control vaccines; n = 60  CYD28, NCT00880893^13^SingaporePhase II; randomized, blinded, controlled; up to 13 months follow-upChildren and adults (age range: 2--45 y)--CYD-TDV; n = 898114/427 (26.7%)Not tested--Placebo/control vaccines; n = 300  CYD32, NCT01254422^14^MalaysiaPhase II; randomized, observer-blind, controlled; up to 18 months follow-upChildren aged 2--11 y--CYD-TDV; n = 19988/196 (44.9%)67/196 (34.2%) (JE)--Placebo; n = 51  CYD47, NCT01550289^15^IndiaPhase II; randomized, observer-blind, controlled; up to 18 months follow-upAdults aged 18--45 y--CYD-TDV; n = 128109/126 (86.5%)86/126 (68.3%) (JE)--Placebo; n = 61  CYD23, NCT00842530^16^ThailandPhase IIb; randomized, observer-blind, controlled; up to 25 months follow-up[^†^](#t1fn0006){ref-type="fn"}Children and adolescents aged 4--11 y--CYD-TDV; n = 2,669138/197 (70.1%)157/197 (79.7%) (JE)--Control vaccines; n = 1,333  CYD14, NCT01373281^3^Indonesia, Malaysia, the Philippines, Thailand and VietnamPhase III; randomized, blinded, controlled; up to 6 y follow-up (on-going)Children age 2--14 y--CYD-TDV; n = 6,851896/1315 (68.1%)702/1319 (53.2%) (JE)--Placebo; n = 3,424  **Endemic Latin American countries**CYD13, NCT00993447^17^Colombia, Honduras, Mexico and Puerto RicoPhase II; randomized, blinded, controlled; up to 18 months follow-upChildren and adolescents aged 9--16 y--CYD-TDV; n = 401301/401 (75.1%)281/401 (70.1%) (YF)--Placebo/control vaccines; n = 199  CYD30, NCT01187433^18^BrazilPhase II; randomized, observer-blind, controlled; up to 18 months follow-upChildren and adolescents aged 9--16 y--CYD-TDV; n = 10068/99 (68.7%)70/99 (70.7%) (YF)--Placebo; n = 50  CYD33, NCT01411241^19^MexicoPhase II; randomized, observer-blind, controlled; up to 18 months follow-upToddlers aged 15--18 months--CYD-TDV plus DTaP-IPV//Hib[^‡^](#t1fn0008){ref-type="fn"}; n = 36614/216 (6.5%)Not tested--CYD-TDV plus placebo[^‡^](#t1fn0008){ref-type="fn"}; n = 366  CYD24, NCT00788151^20^PeruPhase II; randomized, observer-blind, controlled; up to 13 months follow-upChildren aged 2--11 y--CYD-TDV; n = 20074/196 (37.8%)171/199 (85.9%)(YF)--Placebo/control vaccines; n = 100  CYD15, NCT01374516^2^Colombia, Brazil, Mexico, Puerto Rico and HondurasPhase III; randomized, blinded, controlled; up to 6 y follow-up (on-going)Children and adolescents aged 9--16 y--CYD-TDV; n = 13,9201048/1299 (80.7%)1042/1295 (80.5%) (YF)--Placebo; n = 6,949  CYD29, NCT01436396^21^Colombia and PeruPhase III; randomized, observer-blind, controlled; up to 18 months follow-upToddlers aged 12--13 months--YF plus CYD-TDV[^¥^](#t1fn0007){ref-type="fn"}; n = 3964/103 (3.9%)7/111 (6.3%) (YF)--YF+placebo, and CYD-TDV[^¥^](#t1fn0007){ref-type="fn"}; n = 396  [^2][^3][^4][^5][^6][^7][^8][^9][^10]

A high proportion of participants were dengue seropositive in studies undertaken in dengue endemic Asia-Pacific countries; seropositive rates ranged from 44.1% (78/177; CYD08) to 86.5% (109/126; CYD47), except for one study undertaken in Singapore, CYD28 (26.7%; 114/427), which had a much lower seropositivity rate ([Table 1](#t0001){ref-type="table"}). Baseline dengue seropositivity generally increased with age: dengue seropositivity ranged from 47.1% (66/140; CYD28) to 95.0% (19/20; CYD22) in adults; 13.6% (19/140; CYD28) to 80.0% (320/400; CYD14) in adolescents; 19.8% (20/101; CYD28) to 72.5% (124/171; CYD23) in children aged 6--11 years; 19.6% (9/46; CYD28) to 60.0% (24/40; CDY22) in children aged 2--5 years; and it was 44.1% in the one study with infants and toddlers. The most common dengue serotypes detected were serotypes 1, 2 and 3 in adults, serotypes 2 and 3 in adolescents, children aged 6 to 11 y and 2 to 5 y, and serotype 3 in infants and toddlers.

Studies undertaken in dengue endemic Latin American countries had similar trends in baseline dengue seropositivity rates as those undertaken in dengue endemic Asia-Pacific countries. Dengue seropositivity rates ranged from 37.8% (74/196; CYD24) to 80.7% (1048/1299; CYD15), except in CYD29 (3.9%; 4/103) and CYD33 (6.5%; 14/216) where dengue seropositive rates were much lower than in other studies which may be explained by the lower age group recruited into these 2 studies (infants and toddlers only) ([Table 1](#t0001){ref-type="table"}). In addition, dengue seropositivity rates generally increased with age: these ranged from 80.2% (186/232; CYD13) to 84.3% (554/657; CYD15) in adolescents; 36.1% (35/97; CYD24) to 76.9% (494/642; CYD15) in children aged 6--11 years; and 39.4% (39/99; CYD24) in the one study that included children aged 2--5 y. The most and equally represented serotypes were serotypes 2 and 3 in all age groups.

The proportion of participants with neutralizing dengue antibody responses to at least 2 serotypes at baseline is summarized in Supplementary Table S1 by age group, study and region. In general, the proportion of participants with neutralizing dengue antibody responses to at least 2 serotypes increased with age in the 2 endemic regions.

CYD-TDV immunogenicity {#s0002-0002}
----------------------

Baseline and post-dose 3 dengue neutralizing antibody GMTs varied across studies depending on region and age group ([Table 2](#t0002){ref-type="table"}) --- in general, GMTs were usually higher in adults and adolescents compared with children aged 6 to 11 years, 2 to 5 y and infants and toddlers in trials conducted in endemic regions (studies in non-endemic regions were in adults only). However, the reverse tended to occur in those who were seronegative at baseline, with higher post-dose 3 GMTs in younger children than adolescents and adults. Nonetheless, GMTs against each of the 4 dengue serotypes increased from baseline to 28 d post-dose 3 in all studies, regardless of region and age. There was a trend toward lower GMTs against serotype 1 in most studies compared with serotypes 2, 3 and 4: the GMT ratios (GMTRs) post-dose 3 to baseline ranged from 1.42 (CYD51) to 9.99 (CYD08) for serotype 1; from 2.03 (CYD22) to 18.9 (CYD33) for serotype 2; from 2.46 (CYD22) to 19.8 (CYD33) for serotype 3; and 3.35 (CYD14) to 22.9 (CYD30) for serotype 4. No specific gender effect was observed on neutralizing antibody GMTs (data not shown). Table 2.Dengue neutralizing antibody geometric mean titers at baseline (pre-dose 1) and post-dose 3 for each serotype, by region and age group (full analysis set).  Dengue Group   Serotype 1 Serotype 2 Serotype 3 Serotype 4   Pre-dose 1Post-dose 3 Pre-dose 1Post-dose 3 Pre-dose 1Post-dose 3 Pre-dose 1Post-dose 3   GMT (M)GMT (M) GMT (M)GMT (M) GMT (M)GMT (M) GMT (M)GMT (M)Age GroupStudyN(95% CI)(95% CI)N(95% CI)(95% CI)N(95% CI)(95% CI)N(95% CI)(95% CI)Non-endemicAdultsCYD121015.04 (101)24.4 (69)1015.13 (101)54.8 (70)1016.60 (101)63.5 (70)1015.26 (101)133 (69)   (4.96; 5.13)(18.5; 32.1) (4.87; 5.40)(38.7; 77.7) (5.78; 7.53)(46.9; 85.9) (4.96; 5.59)(98.6; 179) CYD176555.12 (654)18.0 (566)6555.22 (653)45.3 (566)6555.31 (653)74.9 (566)6555.24 (654)111 (565)   (5.05; 5.21)(16.3; 19.8) (5.05; 5.39)(39.8; 51.5) (5.14; 5.49)(68.2; 82.4) (5.11; 5.38)(99.2; 125) CYD511175.38 (117)14.8 (93)1175.19 (117)51.2 (94)1175.32 (117)45.7 (94)1175.78 (117)66.8 (94)   (4.85; 5.96)(11.3; 19.4) (4.82; 5.58)(38.2; 68.6) (4.94; 5.73)(35.0; 59.8) (5.16; 6.48)(50.9; 87.8)Endemic Asia-Pacific countriesAdultsCYD2220327 (20)695 (18)20350 (20)825 (18)20160 (20)424 (18)2075.0 (20)375 (18)   (148; 725)(335; 1443) (168; 730)(493; 1383) (87.5; 291)(286; 627) (35.0; 161)(251; 561) CYD2814815.8 (142)48.7 (127)14816.9 (141)66.9 (127)14814.5 (141)88.4 (127)14810.1 (140)122 (126)   (11.7; 21.5)(33.6; 70.4) (12.3; 23.1)(47.9; 93.5) (11.2; 18.7)(68.6; 114) (8.03; 12.7)(96.5; 155) CYD47126184 (126)461 (115)126204 (126)484 (115)126219 (126)709 (115)12655.4 (126)336 (115)   (127; 268)(340; 625) (141; 294)(370; 634) (153; 312)(552; 911) (41.4; 74.2)(271; 417)AdolescentsCYD1440093.1 (397)305 (396)400152 (397)592 (396)40084.2 (395)309 (396)40051.2 (399)213 (396)   (73.5; 118)(249; 372) (121; 190)(506; 692) (67.6; 105)(261; 367) (42.4; 61.8)(185; 245) CYD222059.9 (20)192 (20)2083.2 (20)334 (20)2036.3 (20)135 (20)2026.9 (20)183 (20)   (17.7; 203)(68.6; 536) (29.5; 235)(132; 845) (17.1; 76.9)(66.9; 274) (12.2; 59.2)(87.0; 385) CYD281416.47 (141)28.5 (135)1417.45 (141)48.7 (135)1416.84 (140)71.4 (134)1415.83 (140)79.2 (135)   (5.31; 7.89)(21.4; 37.9) (5.95; 9.33)(37.4; 63.5) (5.81; 8.06)(56.3; 90.7) (5.17; 6.56)(64.2; 97.8)Children 6--11yCYD1446842.6 (463)149 (466)46863.1 (465)321 (464)46848.8 (461)222 (464)46829.0 (464)153 (465)   (34.5; 52.5)(126; 176) (51.1; 77.9)(280; 368) (39.8; 59.9)(190; 259) (24.5; 34.2)(137; 172) CYD224026.8 (40)93.9 (37)4028.1 (40)185 (37)4024.1 (40)147 (37)4012.9 (40)131 (37)   (13.2; 54.3)(54.4; 162) (15.2; 51.9)(116; 295) (14.0; 41.4)(104; 206) (8.55; 19.6)(93.0; 185) CYD2317148.5 (171)172 (163)17166.4 (171)384 (163)17135.3 (171)374 (163)17132.2 (171)164 (163)   (33.9; 69.4)(125; 236) (46.0; 95.7)(295; 498) (26.6; 46.9)(300; 465) (24.2; 42.8)(137; 196) CYD281035.49 (102)53.7 (99)1036.01 (101)95.5 (99)1036.21 (101)128 (99)1035.63 (102)109 (99)   (5.11; 5.89)(41.5; 69.6) (5.10; 7.08)(73.3; 124) (5.42; 7.11)(102; 160) (5.07; 6.25)(88.1; 134) CYD3210022.2 (100)192 (100)10022.5 (100)203 (100)10020.0 (100)220 (100)10011.8 (100)123 (100)   (14.1; 34.8)(136; 272) (14.2; 35.6)(144; 285) (13.7; 29.2)(164; 295) (8.79; 15.8)(95.7; 159)Children 2---5yCYD1445515.7 (449)109 (454)45519.9 (451)252 (454)45517.1 (451)136 (454)45511.8 (450)110 (454)   (13.1; 18.8)(93.5; 126) (16.5; 24.0)(222; 287) (14.4; 20.3)(119; 155) (10.4; 13.5)(98.6; 122) CYD22409.38 (40)64.7 (39)408.01 (40)107 (39)4018.7 (40)143 (39)408.55 (40)92.7 (39)   (6.18; 14.2)(38.0; 110) (5.63; 11.4)(75.9; 152) (11.1; 31.5)(92.9; 220) (5.94; 12.3)(62.6; 137) CYD232618.7 (26)78.0 (25)2620.5 (26)230 (25)2614.9 (26)235 (25)2611.5 (26)88.0 (25)   (8.00; 43.6)(37.7; 161) (8.06; 52.2)(147; 360) (7.62; 29.3)(162; 341) (6.92; 19.0)(59.7; 130) CYD28465.00 (46)63.6 (45)465.52 (46)115 (45)466.31 (46)155 (45)465.65 (46)95.2 (44)   (NC)(47.9; 84.4) (4.77; 6.39)(78.8; 168) (5.09; 7.82)(118; 203) (4.98; 6.40)(66.9; 136) CYD329610.4 (96)117 (96)9611.1 (96)158 (96)9612.1 (96)168 (96)968.28 (96)105 (96)   (7.51; 14.5)(91.2; 151) (7.79; 15.7)(125; 201) (8.97; 16.3)(136; 208) (6.44; 10.6)(86.0; 129)Infants and toddlersCYD081786.05 (178)112 (175)1788.15 (178)176 (175)17812.7 (177)351 (175)1786.88 (178)143 (175)   (5.48; 6.68)(93.5; 134) (6.62; 10.0)(142; 219) (10.1; 15.9)(295; 417) (6.10; 7.75)(123; 166)Endemic Latin American countriesAdolescentsCYD13232104 (232)406 (213)232128 (232)523 (213)232125 (232)635 (213)23245.3 (232)299 (213)   (77.1; 139)(308; 534) (96.1; 170)(425; 643) (93.7; 166)(517; 780) (35.9; 57.2)(255; 350) CYD15658163 (655)466 (651)658179 (657)684 (651)658146 (657)554 (651)65850.4 (656)277 (651)   (137; 194)(399; 545) (152; 211)(605; 772) (124; 171)(488; 628) (44.0; 57.7)(252; 305) CYD305975.6 (59)371 (53)59127 (59)816 (53)59139 (59)944 (53)5919.7 (59)467 (53)   (43.4; 132)(233; 590) (76.3; 211)(544; 1224) (74.3; 261)(627; 1420) (13.8; 28.2)(334; 653)Children 6--11yCYD1316946.8 (169)229 (151)16959.5 (169)440 (151)16950.2 (169)541 (151)16928.3 (169)239 (151)   (32.5; 67.4)(164; 319) (41.6; 85.2)(339; 569) (35.9; 70.2)(432; 678) (21.5; 37.4)(197; 292) CYD1564399.9 (642)333 (640)643106 (642)480 (640)643100 (643)466 (640)64337.6 (641)210 (640)   (82.8; 120)(285; 390) (89.2; 126)(429; 538) (84.2; 119)(412; 527) (32.8; 43.1)(191; 231) CYD249918.4 (97)157 (96)9917.5 (98)163 (96)9916.6 (98)171 (96)998.50 (98)152 (95)   (12.0; 28.4)(115; 216) (11.6; 26.3)(127; 208) (11.5; 24.0)(137; 213) (6.72; 10.8)(126; 184) CYD304017.1 (40)165 (36)4026.0 (40)299 (36)4037.4 (40)518 (36)4010.0 (40)385 (36)   (10.6; 27.6)(84.8; 323) (13.9; 48.8)(156; 572) (16.5; 85.0)(266; 1009) (7.13; 14.1)(258; 574)Children 2--5yCYD2410016.4 (99)205 (90)10011.8 (99)195 (90)10016.2 (99)214 (90)1007.76 (99)223 (90)   (11.1; 24.3)(149; 282) (8.94; 15.6)(163; 234) (11.2; 23.4)(169; 270) (6.20; 9.70)(181; 276)Infants and toddlersCYD291135.08 (109)89.0 (110)1135.10 (109)173 (110)1135.05 (106)181 (110)1135.00 (110)74.0 (110)   (4.92; 5.25)(76.4; 104) (4.96; 5.23)(142; 211) (4.95; 5.16)(158; 207) (NC)(61.3; 89.4) CYD332165.31 (216)95.0 (200)2165.37 (216)198 (200)2165.32 (216)206 (200)2165.06 (215)124 (200)   (4.97; 5.68)(82.5; 109) (5.08; 5.68)(171; 229) (5.05; 5.61)(184; 231) (4.97; 5.14)(109; 140)[^11]

In adults, both baseline and post-dose 3 GMTs were consistently higher in endemic regions than non-endemic regions (Fig. S1). No data are available for adolescents and children in non-endemic region with CYD-TDV. There was a trend toward higher GMTs post-dose 3 for all serotypes in endemic Latin American countries compared with Asia Pacific endemic countries in adolescents and children aged 6--11 y (Figs. S2--S3), despite limited differences in baseline titers between the 2 regions. No differences were observed between endemic regions in infants and toddlers.

Participants who were seropositive to at least one dengue serotype at baseline in general achieved higher post-dose 3 GMTs for all serotypes than those who were seronegative regardless of the region. The impact of the dengue immune status at baseline on the immune response against each serotype is illustrated by the reverse cumulative distribution curves by region for adolescents ([Fig. 1](#f0001){ref-type="fig"}). In children, the same trend was observed for all 4 serotypes but to a lesser extent than in adolescents (Fig. S4). In infants and toddlers, there were insufficient data to draw any conclusions. Figure 1.Serotype-specific reverse cumulative distribution curves of post-dose 3 titers by baseline dengue status in adolescents (12 to 17 y): Data are summarized by region (Full Analysis Set).

Although dengue seropositive participants achieved higher post-dose 3 GMTs than those who were seronegative, the magnitude of the increase in immune response was higher in the latter group of participants. The post-dose 3/baseline GMTRs for each serotype ranged from 3.53 to 13.7 for baseline dengue seronegative participants compared with 2.37 to 3.75 for baseline dengue seropositive participants in the 2 pivotal efficacy studies. These observations were consistent across all studies and age groups, except in infants and toddlers where insufficient data are available to draw any conclusions. In addition, GMTRs generally decreased with age; higher GMTRs were observed in infants and toddlers, than in older children, adolescents and adults. In adults, GMTRs tended to be higher in studies undertaken in non-endemic areas than in endemic areas for serotypes 2, 3 and 4 (range across the 3 serotypes 4.38--13.0 vs 2.03--7.83, respectively), but were similar for serotype 1 (1.42--2.44 vs 2.10--2.33).

Dengue neutralizing antibody GMTs in participants aged \<9 y in endemic countries at baseline and post-dose 3 are summarized by study and region in [Fig. 2](#f0002){ref-type="fig"}. Although the increase in GMTs post-dose 3 in dengue seronegative participants aged \<9 y varied by study and serotype, the increase observed was similar across the 2 endemic regions. In dengue seropositive participants, both baseline and the observed increase in post-dose 3 GMTs also varied by study and serotype but were also similar across the 2 endemic regions. There was a trend toward higher post-dose 3 GMTs for each serotype in seropositive participants compared with those who were dengue seronegative. Figure 2.Dengue neutralizing antibody GMTs (95% CI) in participants aged \<9 y by baseline dengue status, region and study. PD3, post-dose 3; sero1--4, serotype 1--4.

Dengue neutralizing antibody GMTs in participants aged 9--17 y in endemic countries at baseline and post-dose 3 are summarized by study and region in [Fig. 3](#f0003){ref-type="fig"}; corresponding data for participants aged 18--45 y in endemic Asia-Pacific countries are presented in Figure S5 (similar data for adults in endemic Latin American countries are lacking). In dengue seronegative participants, the increase in GMTs post-dose 3 varied by study and serotype. There was a trend toward higher GMTs against serotype 4 in Latin America compared with Asia Pacific. In dengue seropositive participants, both baseline and the observed increase in post-dose 3 GMTs also varied by study and serotype but were generally similar across the 2 endemic regions. Of note, baseline GMTs for all serotypes except for serotype 4 in seropositive participants aged 9--17 y in Latin American were similar to those achieved post-dose 3 in seropositive participants aged \<9 y ([Figs. 2](#f0002){ref-type="fig"} and [3](#f0003){ref-type="fig"}). Figure 3.Dengue neutralizing antibody GMTs (95% CI) in participants aged 9--17 y by baseline dengue status, region and study. PD3, post-dose 3; sero1--4, serotype 1--4.

The effect of seropositivity to other flaviviruses at baseline was investigated despite the low number of participants who were dengue seronegative but seropositive for either JE or YF. No effect on dengue immune response could be clearly established or ruled out in those with prior exposure to these other flaviviruses.

Antibody persistence {#s0002-0003}
--------------------

Dengue neutralizing antibody persistence data post-dose 3 were available from the following studies: CYD14, CYD15, CYD22, CYD23 and CYD28. In this section, we focus on data from CYD14 and CYD15 as these were pivotal studies and included the most number of participants accessed for immunogenicity and have long-term follow-up up to 3 y post-dose 3 (follow-up is still ongoing through to 5 y post-dose 3). During the first 2 y of follow-up, GMTs for all serotypes decreased relative to post-dose 3 in both studies, regardless of participant\'s age or dengue immune status at baseline ([Fig. 4](#f0004){ref-type="fig"}). The decrease in GMTs against all 4 serotypes from Year 1 to Year 2 of follow-up tended to be lower than between post-dose 3 and Year 1 of follow-up in all age groups. However, GMTs at Year 3 of follow-up remain stable or slightly increased relative to those at Year 2 for all serotypes in both studies. Of note, GMTs for placebo recipients seronegative at baseline gradually increased throughout the duration of follow-up. For placebo recipients seropositive at baseline GMTs tended to decrease between pre-dose and post-dose 3 in those aged ≥ 9 y before gradually increasing throughout the duration of follow-up; in those aged \<9 years, GMTs tended to gradually increase from pre-dose levels. In general, GMTs for each serotype in the CYD-TDV group remained at higher levels than those observed at baseline or in the control group for all age groups across both studies. In addition, the GMTs remained higher in seropositive participants aged ≥ 9 y than those aged \<9 y throughout follow-up. Dengue neutralizing antibody persistence data in 2 studies (CYD22 and CYD28) with longer follow-up to 4 y post-dose 3 (Year 4 of follow-up) also show that GMTs remain 1.2--3.2-fold higher than baseline (Fig. S6). Figure 4.GMTs (95% CI) for each dengue serotype over time (years after the last dose) in children aged 2--8 y or ≥ 9 y in the CYD14 and CYD15 studies.

Discussion {#s0003}
==========

Three doses of CYD-TDV 6 months apart consistently induces an increase in dengue neutralizing antibody GMTs, as measured by PRNT~50~, in all studied populations encompassing a wide age range and different regions with various dengue endemicity. In addition, several factors including age, previous exposure to dengue and region are known to impact on the level of CYD-TDV induced immune response. Therefore, to capture the fullness of the available immunogenicity profiles we did not pool the immunogenicity data across studies; all GMTs are reported by age, study, and region in this article. By presenting all the available data in this way, the reader should be able to identify general trends and any substantial outliers within each grouping.

One of the strengths of our analysis is that we present laboratory data that were determined at centralized laboratories using the same validated PRNT~50~ across all studies rather than compare results obtained from multiple different neutralization assays. Although it is recognized to be a valuable assay in dengue research, intra- and inter-laboratory variation may impact comparability and interpretation of results between laboratories or studies.[@cit0022] As such, while CYD-TDV was consistently shown to induce increased GMTs, there are examples of minimal increases (e.g. against serotype 1 in adults living in non-endemic areas) which considering the variability of the assay, are arguably negligible increases. In addition, its relevance is uncertain with regard to thresholds of protection as it lacks qualitative aspects --- for example, it does not differentiate between homotypic (expected to provide life-long protection) and heterotypic antibodies (cross-protective during a certain window of time).[@cit0024]

A multifaceted approach may be required where the PRNT~50~ assay is supplemented with more physiologically relevant neutralization tests capable of identification of homotypic and heterotypic antibodies, and their relative contributions to the immune response and protection.[@cit0025] Moreover, protective PRNT~50~ titers have not been established for any dengue serotype and it is possible that these may vary by serotype and/or be vaccine-specific, which has to be taken into account when interpreting immunogenicity results.[@cit0025] Analyses have been undertaken to better define correlates of CYD-TDV protection using efficacy and PRNT~50~ immunogenicity obtained in the 2 large-scale pivotal studies (CYD14 and CYD15) (submitted for publication). Although the data suggest that high post-dose 3 titers are predictive of high vaccine efficacy across all serotypes and age groups, other factors may play a role in protection particularly among those with low titers.

The current analysis confirms that there is a link between the level of endemicity (and therefore, between baseline dengue immune status) and the immune response, with higher GMTs after 3 vaccinations observed in endemic regions than in non-endemic regions. In addition, GMTs also increased with age in endemic countries: the older the participant, the higher the baseline and post-dose 3 GMTs. This observation is consistent with the increased likelihood of prior dengue exposure with age in endemic countries boosting memory responses.

A modeling study that included PRNT~50~ data from 5 phase II trials (also included in the current analysis) in South East Asia and Latin America reported that CYD-TDV immunogenicity in endemic countries was principally influenced by the baseline dengue immunological status.[@cit0027] However, we did not examine the effect of previous homotypic vs. heterotypic dengue infection on CYD-TDV induced GMTs in our analysis. Additional studies are required to better define the immune response as it evolves sequentially with exposure or repeat exposure to the varying dengue serotypes.

JE or YF seropositivity was expected to increase the immune response to dengue vaccination based on previous studies.[@cit0027] Participants who were dengue seropositive at baseline, as well as JE seropositive, were shown to have higher GMTs following CYD-TDV administration for all 4 serotypes than dengue seropositive but JE seronegative participants.[@cit0027] Similarly, prior exposure to the YF vaccine increases antibody responses to CYD-TDV,[@cit0028] and vaccination of YF seropositive participants with a monovalent live-attenuated dengue candidate vaccine was shown to boost antibody responses to both flaviviruses compared with those who were YF seronegative.[@cit0029] However, JE and YF seropositivity in our studies was determined using the PRNT, and as such cross-reactivity with dengue (due to antigenic epitopes common to flaviviruses) in regions where the viruses co-circulate would result in false positives.[@cit0030] Consequently, after ruling out all dengue seropositive participants, the number who were dengue seronegative but seropositive for either JE or YF at baseline was limited in our analysis and therefore, a potential increase in dengue immune response because of prior exposure to these flaviviruses could not be clearly established nor ruled out. Further research would need to be undertaken to address the question of cross-reactivity before a more definitive effect of baseline JE or YF seropositivity on CYD-TDV immune response can be established.

We showed that GMTs post-dose 3 decline annually across all 4 serotypes but this decline appears to stabilize from Y2 of follow-up and remains above baseline against all 4 serotypes up to 4 y post-dose 3 regardless of age and baseline dengue immunological status. However, it is unclear to what extent exposure to wild-type dengue contributed to antibody persistence in these analyses in the absence of an appropriate comparator (e.g., long-term follow-up from vaccinated participants living in a non-endemic area). There was a rise in GMTs observed in the placebo groups of the 2 efficacy studies. Indeed, the annual incidence of symptomatic and asymptomatic dengue infections in the immunogenicity subsets of the 2 pivotal phase III CYD-TDV studies was 8.1--14.8% and 0.9--3.5%, respectively, depending on age or allocated group.[@cit0032] Whether symptomatic and asymptomatic infections contribute differentially to the boosting/persistence of the GMTs remains to be established. In addition, it is not known whether the decay in vaccine-induced antibody titers is quantitatively similar to the decay of naturally-acquired dengue antibodies. Additional studies would be required to identify factors that modulate antibody persistence.

In conclusion, a 3-dose schedule of CYD-TDV 6 months apart elicits neutralizing antibody responses against all 4 dengue serotypes, with raised neutralizing antibody GMTs persisting above baseline levels over the longer term in dengue endemic countries. Our conclusions are based on an unprecedented integrated summary of the immunogenicity of CYD-TDV attained across studies using the same validated PRNT~50~ undertaken at centralized laboratories.

Methods {#s0004}
=======

This summary includes immunogenicity data from 16 pivotal and supportive clinical studies, conducted by Sanofi Pasteur from 2008 to the present, in which participants aged 9 months to 60 y received CYD-TDV (∼5 log10 cell-culture infectious dose 50% \[CCID50\]/serotype) as a 3-dose schedule 6 months apart. The 16 studies included in the current report consisted of 10 phase II and 6 phase III studies ([Table 1](#t0001){ref-type="table"}); these were conducted in non-endemic (USA and Australia) and in endemic regions (Asia Pacific and Latin America countries) to assess the safety and immunogenicity of CYD-TDV. Few studies investigated long-term safety and immunogenicity. Three studies also assessed the safety and immunogenicity of CYD-TDV co-administration with other childhood vaccines in infants and toddlers (\< 2 y of age). Although there were differences in vaccine lots used across the studies, a formal analysis of lot-to-lot consistency was performed in the CYD17 study, which established biological and clinical equivalence between phase II and phase III vaccine lots (based on post-dose 3 GMTs).[@cit0010]

The study designs, enrollment details, and inclusion/exclusion criteria are described in detail in the original publications. Key characteristics of the trials are summarized in [Table 1](#t0001){ref-type="table"}. All studies were performed in accordance with the Declaration of Helsinki and the International Conference on Harmonization-Good Clinical Practice. Study protocols and amendments were approved by the individual review board/independent ethics committee for each participating site. All participants or their parents/guardians provided informed written consent. A pooled analysis of safety data from most of the studies included in the current analysis and others in which the dengue vaccine was administered has recently been published.[@cit0033]

Immunogenicity {#s0005}
==============

In the current analysis, we focus on dengue neutralizing antibody titers obtained before the first CYD-TDV dose and 28 d after the third dose (in all participants except in CYD14,[@cit0003] CYD15,[@cit0002] CYD23^16^ and CYD28^13^ where subsets were assessed) as these were evaluated in all studies. Studies where CYD-TDV was co-administered with other childhood vaccines were also included in the current analysis as the co-administered products did not impact the humoral response to CYD-TDV; in these studies the immunogenicity data were combined across the groups that received 3 CYD-TDV doses.[@cit0011] In addition, we present persistence data where available. Pre-vaccination baseline blood samples were also assessed for antibodies against Japanese encephalitis (JE) for studies undertaken in Asia Pacific (except for CYD17^10^ and CYD28^13^) and for antibodies against Yellow Fever (YF) in those undertaken in the Americas (except for CYD12^8^ and CYD33^19^). Baseline JE and YF immune status were assessed using the PRNT~50~ for JE (CYD08,[@cit0011] CYD14^3^ and CYD22,[@cit0012] CYD23,[@cit0016] CYD32,[@cit0014] CYD47^15^), and PRNT~50~ (CYD 13,[@cit0017] CYD15,[@cit0002] CYD29,[@cit0021] CYD30,[@cit0018] CYD51 (however, a derived PRNT~80~ value was reported in the publication[@cit0009])) or PRNT~80~ (CYD24^20^) for YF. The lower limit of quantitation (LLOQ) of the JE and YF PRNT~50~ was 10 (1/dil) and of the YF PRNT~80~ was 5; seropositivity for JE and YF was defined as antibody titers ≥ 10 1/dil.

Neutralizing antibodies serum levels against each of the 4 CYD-TDV\'s dengue parental strains (dengue 1 strain PUO-359, dengue 2 strain PUO-218, dengue 3 strain PaH881/88, and dengue 4 strain 1228) were determined using a validated PRNT~50~ at a centralized Sanofi Pasteur laboratory (GCI, Swiftwater, USA) or outsourced to another laboratory after demonstration of successful method transfer and concordance across a panel of samples (CYD29, CYD33 and CYD47).[@cit0022] The validated PRNT~50~ was continuously monitored at both laboratories using a panel of samples with known values and compared with historical results to ensure consistency of results over time. This harmonized approach in dengue PRNT~50~ undertaken during the CYD-TVD clinical development was intended to minimize inter-laboratory variation, which can be considerable if different methods are used to perform and analyze the PRNT~50~ data,[@cit0023] and would ultimately impact comparability and interpretation of results between laboratories. Nonetheless, variations in precision exist even within the same laboratory, and assay variation may be as much as 3-fold.[@cit0022] The LLOQ for the PRNT~50~ was 10 (1/dil), and dengue seropositivity was defined by dengue neutralization antibodies titer ≥ 10 for at least one serotype. Titers below the LLOQ were assigned a value of 5; for the calculation of GMT ratios (GMTRs), baseline titers \< LLOQ (i.e. for the denominator) were assigned a value of 10. Dengue neutralizing antibody persistence in samples collected annually for at least 2 y after the last CYD-TDV dose were also summarized.

Statistical analyses {#s0006}
====================

There was no hypothesis testing undertaken in our current analysis. Statistical analyses were performed with SAS® software. GMTs and 95% CIs were calculated for antibodies against each of the 4 dengue serotypes for the full analysis set assuming normal distribution of the log~10~ transformed titers. The definitions of the study populations used in this integrated analysis were the same as those used in the individual studies; the full analysis set in most studies consisted of all participants who received at least one dose of CYD-TDV and who had at least one blood sample drawn and one valid post-injection serology result.
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[^1]: Supplemental data for this article can be accessed on the [publisher\'s website](http://www.tandfonline.com/khvi).

[^2]: CYD-TDV administered as a 3-dose schedule 6 months apart unless stated. n represents the number randomized.

[^3]: Data are shown for the group considered in this integrated analysis only.

[^4]: Some participants had received prior YF vaccination

[^5]: Compressed refers to CYD-TDV administer in a compressed schedule at 0, 2 and 6 months.

[^6]: Toddlers received MMR vaccination (TRIMOVAX; Sanofi Pasteur, France) 1 month earlier (M −1).

[^7]: 3203 of 4002 participants (80%) enrolled in the phase IIb CYD23 trial were followed for safety in the CYD57 trial.

[^8]: YF vaccine concomitantly with CYD-TDV or placebo, followed by CYD-TDV after 6 and 12 months

[^9]: All participants received the first CYD-TDV dose followed at 6 months by booster DTaP-IPV//Hib vaccine co-administered with the second dose of CYD-TDV or DTaP-IPV//Hib vaccine plus placebo. At month 7, a second CYD-TDV dose was given to the group that did not receive it at month 6 while placebo injection was administered to the other to maintain blinding. The third dose of CYD-TDV was administered at month 12 using an open-label procedure. All participants also received a MMR vaccine and pneumococcal conjugated vaccine at month 1.

[^10]: DTaP-IPV//Hib, diphtheria, tetanus, acellular pertussis, inactivated poliovirus and haemophilus influenzae type b polysaccharideconjugated to tetanus protein combined vaccine; MMR, measles, mumps and rubella vaccine; YF, yellow fever vaccine

[^11]: M: number of participants with available dengue neutralizing antibody titer for the relevant time point
